In order to improve the mechanical properties of magnesium, dispersion strengthening with -alumina particles (pAl 2 O 3 ) is experimentally investigated as an application of powder metallurgy. The trial process consists of milling, compacting and hot-pressing. The microstructure of hot-pressed discs of magnesium composites were investigated using optical microscopy, scanning electron microscopy, x-ray diffraction (XRD) and electron probe micro analysis, and the density, surface hardness, and bending stress for deflection were also examined. All of the mechanically alloyed (MA) prepared powders were composed of only magnesium (Mg) and alumina (Al 2 O 3 ). Although the particle size of the MA powders varied, the mean values were approximately 80 mm and were approximately the half size of the raw Mg powder. Not only Mg powder, but also pAl 2 O 3 became finer with processing, and the pAl 2 O 3 was almost uniformly dispersed in the Mg powder. In addition, the fine pAl 2 O 3 was almost uniformly dispersed within the Mg of the pAl 2 O 3 dispersion strengthened (ODS) magnesium discs. For all discs, a small quantity of magnesium oxide (MgO) was identified along with Mg and Al 2 O 3 . However, in only the 22.7 vol% pAl 2 O 3 /Mg disc, an XRD peak assigned to an Al-Mg intermetallic compound (Al 12 Mg 17 ) was detected, in addition to Mg, Al 2 O 3 and MgO. It is proposed that Al 12 Mg 17 was produced by the solid-state reaction of Mg and Al 2 O 3 , and appeared at the interface between the regions of only Mg and regions where pAl 2 O 3 is dispersed in Mg. The density of the discs was above the theoretical density for all pAl 2 O 3 content; the density for the highest pAl 2 O 3 content of 22.7 vol% was approximately 0.8 times greater than that of practical Al alloys. The 22.7 vol% pAl 2 O 3 disc had a maximum hardness value of 280 HV. This value is much higher than that of both pure Mg ingot and AZ91D. The bending stress for deflection decreased with an increase in the pAl 2 O 3 content. The reason for this is considered to be that the discs become harder and more brittle, and voids are more easily formed in the discs; therefore, cracks that are generated on the specimen surface propagate more easily.
Introduction
In order to improve the mechanical properties of magnesium alloys, particle and/or fiber reinforced alloys have recently been widely studied. [1] [2] [3] [4] [5] [6] However, there are few studies regarding the fabrication of particle reinforced pure magnesium using powder metallurgy (PM) methods, and in particular, mechanical alloying (MA) method. Magnesium is generally softer than its alloys, and therefore a simple reinforcement with ceramic particles should be addressed for wide application of magnesium alloys.
Generally, the alloying of magnesium has been achieved by melting magnesium with alloying elements, such as aluminum and zinc. However, the method requires high thermal energy for melting of the metals, and the various heat treatments that are required for material design. On the other hand, the PM methods can be performed with lower thermal energy, because it is not necessary to melt the raw materials, and also the material design becomes more simplistic.
In the present paper, alumina dispersion strengthened magnesium was experimentally fabricated using the MA method, and investigated for confirmation of reinforcing effects.
Experimental Procedures

Testing Powders
Pure magnesium powder (Mg powder, Kojundo Chemical Laboratory Co., Ltd., purity 99.9%, average particle size, d d ¼ 142:2 mm) and -alumina particle (pAl 2 O 3 , Kojundo Chemical Laboratory Co., Ltd., purity 99.9%,
were tested. The average particle size was measured using a laser diffraction type particle size distribution measurement device (Japan Laser Co., Ltd.). Figure 1 shows scanning electron microscope images indicating the particle morphology. Figure 2 shows the trial process for pAl 2 O 3 dispersion strengthened (ODS) magnesium discs. Mechanically alloyed (MA) powder was obtained with an attritor ball mill (Mitsui Mining Co., Ltd.). A powder mixture of 50 mL of Mg and 0-70 mass% (0-50.6 vol%) of pAl 2 O 3 was fed into an Al 2 O 3 container (capacity 5.5 L) along with 3 L of 5 mm Al 2 O 3 balls.
Trial Process
The pAl 2 O 3 was mixed with the Mg powder at intervals of 5 or 10 mass%. The Al 2 O 3 agitator arm was rotated in an argon atmosphere at 296 rpm for 86.4 ks to mill the mixed powders, and 2 mass% stearic acid (CH 3 (CH 2 ) 16 COOH, Kanto Kagaku Co., Ltd., d d ¼ 54:6 mm) was used as a lubricant.
The MA powders were compacted into green discs with a thickness of 2:00 AE 0:05 mm using a hydraulic press (100 kN capacity) at 277 MPa for 30 s. The green discs were hot compressed at 40 MPa and 873 K for 1.8 ks in a carbon tool with an argon atmosphere. The furnace was then cooled down, resulting in ODS magnesium discs with diameters of 20.23-20.91 mm and thickness of 1.64-1.85 mm. The stearic acid was removed by heating at 673 K for 3.6 ks before pressing.
ODS magnesium discs could only be obtained with 0-40 mass% (0-22.7 vol%) pAl 2 O 3 content, because the green Materials Transactions, Vol. 48, No. 3 (2007) pp. 373 to 379 Special Issue on Smart and Harmonic Biomaterials #2007 The Japan Institute of Metals discs were broken over the limit of 65 mass% (44.9 vol%) when the MA powders were cold pressed, and the hot-pressed discs were broken over a limit of 45 mass% (26.4 vol%) when hot pressed. Therefore, the present study was limited to a pAl 2 O 3 content range of 0-22.7 vol% for both MA powders and ODS magnesium discs.
Evaluation
The ODS magnesium discs with a plate thickness tolerance of AE0:05 mm were finished by abrasive paper polishing and buffing. Microstructural observations and qualitative analyses of both the MA powders and ODS magnesium discs were carried out using an optical microscope (OM, Olympus Co., Ltd.), scanning electron microscope (SEM, Jeol Ltd.), x-ray diffraction (XRD) equipment (Philips Co., Ltd.) and electron probe micro analyzer (EPMA, Jeol Ltd.). The size and weight of the discs were measured, in order to obtain the density.
The hardness of the MA powders was measured using a micro Vickers hardness tester at 98 mN. Values were obtained from 20-30 powders (1 point each). The hardness of ODS magnesium discs was measured using a Vickers hardness tester at 49 N. Values were obtained from 3 discs (5 points each).
Polished ODS magnesium discs of 1:00 AE 0:05 mm thickness were used to conduct the bending test, as shown in Fig. 3 . The bending stress for deflection was calculated by the following formula used for a beam. All of the discs failed at the center of the span.
Where F is the bending stress for deflection, P max is the maximum load, L is the distance between support points, d is the width of the specimen and t is the thickness of the specimen.
Results and Discussion
3.1 Properties of MA powders 3.1.1 Microstructure Figure 4 shows SEM images of the surface (a) and the cross-section (b) of 9.9 vol% pAl 2 O 3 /Mg MA powder. The elemental analyses for Mg, Al and O using EPMA were performed for the area shown in Fig. 4(c) . In Fig. 4(c) , the gray part of the whole image was Mg, and the fine white particles within the Mg were pAl 2 O 3 . Therefore, as shown in Fig 4(b) and (c), the pAl 2 O 3 has almost uniformly dispersed in the Mg powder. Furthermore, the pAl 2 O 3 particle size is submicron, and became finer than that of the raw
. Similar tendencies were observed for other MA powders.
Both grain size and local strain of Mg in MA powders were determined from the results of XRD for use in the equation of Hall, 7) as shown in the following:
where is the half-peak width, is the angle of diffraction, is the wavelength of the x-ray, D is the grain size and is the local strain. The grain size was approximately 20 nm for all the MA powders, and the local strain was approximately 0.4%. Therefore, both values did not show significant dependence on the pAl 2 O 3 content. Figure 6 shows the effect of pAl 2 O 3 content on the hardness of the MA powders. The values increase with the increase in the pAl 2 O 3 content. The mean value of the 22.7 vol% MA powder was 206 HV, which is much higher than that of raw Mg powder (46 HV). An optical image of the microstructure of the 9.9 vol% disc is shown in Fig. 10 . The disc has been electrolytically etched with a phosphoric acid (H 3 PO 4 , Kanto Kagaku Co., Ltd.) solution. The Mg grain boundary can be clearly observed. The Mg grain size varies from 2 to 16 mm and the mean value was approximately 8 mm. These values were similar to other discs and showed no particular dependence on the pAl 2 O 3 content. The Mg grain size of the disc has coarsened by several hundred times that of the MA powders (ca. 20 nm). The reason for this significant coarsening is assumed to be due to the hot-pressing temperature of 873 K, which is near the melting point (923 K) of pure Mg. Figure 11 shows the effect of pAl 2 O 3 content on the density of ODS magnesium discs. The values increase with increase in the pAl 2 O 3 content, because Al 2 O 3 has a greater density than Mg. For all pAl 2 O 3 content, the values are greater than the theoretical density of Mg-Al 2 O 3 shown by the dotted line in the figure.
Hardness
Density
The reason is presumed to be due to both the increase of pAl 2 O 3 content during the MA treatment and the formation of MgO in the trial process. The increase in the pAl 2 O 3 content is due to Al 2 O 3 contamination from the arm, ball milling media, and the container, and because of the prior agglutination of soft Mg powder to these parts. The highest density measured was 2.25 g/cm 3 for the 22.7 vol% disc, and was approximately 0.8 times greater than that of most practical Al alloys (2.7-2.8 g/cm 3 ). Figure 12 shows the effect of pAl 2 O 3 content on the Vickers hardness of ODS magnesium discs, compared with those of pure Mg ingot (purity 99.9%), Mg-3%Al-1%Zn alloy (AZ31, rolled) and Mg-9%Al-1%Zn alloy (AZ91D, die-cast). The Vickers hardness of pure Mg ingot, AZ31 and AZ91D are similar to those values converted from the literature (Brinell hardness). [8] [9] [10] [11] The Vickers hardness increases with an increase in the pAl 2 O 3 content. The mean Vickers hardness for the 22.7 vol% disc was 280 HV, which was much higher than those of the pure Mg ingot (36 HV) and the AZ91D (74 HV). Figure 13 shows the effect of pAl 2 O 3 content on the bending stress for deflection of ODS magnesium discs. The bending stress for deflection decreases with increase in the pAl 2 O 3 content. Figure 14 shows a model of the stress-strain The failure strain is equivalent to the bending deformability and the bending stress for deflection, F , shown in Fig. 13 . Therefore, it is considered that the bending stress decreases with an increase in the pAl 2 O 3 content, because the discs become harder and more brittle, and voids are more easily formed in the discs; therefore, cracks generated on the specimen surface propagate more easily.
Hardness
Bending stress for deflection
Nobre et al. 12) has reported that the 4-point bending strength of AZ31 wrought magnesium alloys (160 mm length, 15 mm or 20 mm width, and 10 mm thickness) is 200-220 MPa for a compressive strain of 2.5%. Although the results cannot be completely compared with results for a different shaped test piece and bending test method, the reported bending strength was similar to the 0-9.9 vol% discs.
It is considered that the bending stress of the 15.8 and 22.7 vol% discs can be improved, if a disc with ultra-fine grains of Mg is obtained by other sintering methods of MA powders; for example, spark plasma sintering and so on.
Conclusions
In order to improve the mechanical properties of magnesium, pAl 2 O 3 dispersion strengthening was experimentally investigated as an application of powder metallurgy. The trial process consisted of milling, compacting and hot-pressing. The microstructure of hot-pressed discs of magnesium composites was investigated using OM, SEM, XRD and EPMA, and the density, surface hardness, and bending stress for deflection were also examined. The following results were obtained.
(1 (5) The 22.7 vol% disc showed a maximum hardness of 280 HV. This value is much higher than that measured for a pure Mg ingot and AZ91D. (6) The bending stress for deflection decreased with an increase in the pAl 2 O 3 content. The reason for this is that the discs become harder and more brittle, and voids are more easily formed in the discs, so that cracks generated on the specimen surface propagate more easily.
